Background: The International Lymphoma Epidemiology Consortium (InterLymph) provides an opportunity to analyze the relationship between cigarette smoking and nonHodgkin lymphoma with sufficient statistical power to consider non-Hodgkin lymphoma subtype. The results from previous studies of this relationship have been inconsistent, likely due to the small sample sizes that arose from stratification by disease subtype. To clarify the role of cigarette smoking in the etiology of non-Hodgkin lymphoma, we conducted a pooled analysis of original patient data from nine case-control studies of non-Hodgkin lymphoma conducted in the United States, Europe, and Australia. Methods: Original data were obtained from each study and uniformly coded. Risk estimates from fixed-effects and twostage random-effects models were compared to determine the impact of interstudy heterogeneity. Odds ratios (OR) and 95% confidence intervals (95% CI) were derived from unconditional logistic regression models, controlling for study center, age, sex, and race.
Introduction
Non-Hodgkin lymphomas represent a group of heterogeneous malignancies arising in lymphoid tissue throughout the body (1) . With >145,000 cases of non-Hodgkin lymphoma diagnosed in developed regions throughout the world in the year 2000, non-Hodgkin lymphoma is now the sixth most common cancer occurring among men and the eighth among women in these regions (2) .
The results from previous epidemiologic studies investigating the role of cigarette smoking in the etiology of nonHodgkin lymphoma have been inconsistent. Some studies have reported that cigarette smoking is associated with nonHodgkin lymphoma incidence (3) (4) (5) (6) (7) (8) (9) (10) (11) and mortality (12, 13) , but others have reported no association between smoking and non-Hodgkin lymphoma (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) . Several epidemiologic studies have investigated whether the association between nonHodgkin lymphoma and cigarette smoking varies by subtype of the disease (3, 8-10, 14, 23-27, 29, 32) . However, the small sample sizes that result from stratification in individual studies have prevented a thorough exploration of the potential relationship between cigarette smoking and non-Hodgkin lymphoma subtypes.
The International Lymphoma Epidemiology Consortium (InterLymph) is a voluntary case-control consortium that was established in 2000 to facilitate collaboration among researchers working on epidemiologic case-control studies of lymphoma worldwide (33) . We conducted a pooled analysis of original data from nine case-control studies of nonHodgkin lymphoma identified through InterLymph to clarify the potential role of cigarette smoking in the etiology of non-Hodgkin lymphoma.
Materials and Methods
Study Population. Epidemiologic studies of non-Hodgkin lymphoma were identified through InterLymph. Studies that were completed between January 1, 1990 and January 1, 2004 with available electronic data sets were eligible for inclusion. Based on these criteria, original data from eight populationbased case-control studies and one hospital-based case-control study (northern Italy) of non-Hodgkin lymphoma were included in the pooled analysis. Table 1 presents selected characteristics for each study, including information about the location and study population.
Data Collection and Exposure Definitions. This pooled analysis was conducted according to a protocol approved by the Human Investigations Committee at Yale University. Informed consent was obtained in individual studies that were approved by local human investigations committees. In each of the nine participating studies, data on cigarette smoking, demographics, and potential confounding variables were collected during in-person or telephone interviews. Detailed descriptions of the data collection methods for the individual studies (except the Nebraska study) have been published previously (3-5, 8, 17-19, 27, 29, 34) . From each study, we requested copies of original questionnaires, descriptions of study methods, and an electronic data set that excluded personal identifiers and included variables on history of cigarette smoking, case/control status, non-Hodgkin lymphoma subtype (cases only), sex, age, race/ethnicity, body mass index (BMI), family history of non-Hodgkin lymphoma, history of alcohol consumption, and socioeconomic status (SES). Known HIV-positive participants were excluded from these analyses. Individual data sets were uniformly coded and checked for internal consistency and agreement with previously published results. Discrepancies were resolved with individual study investigators. Study questionnaires were compared to define a uniform set of exposure variables. Participants were classified as ''ever smokers'' if they had ever smoked >100 cigarettes [Connecticut and University of California at San Francisco (UCSF)] or if they had ever smoked regularly for at least 6 months [National Cancer Institute (NCI), Nebraska, University of Southern California (USC), New South Wales (NSW), northern Italy, United Kingdom, and Italy]. Conversely, participants who had never smoked at least 100 cigarettes or who had never smoked regularly for at least 6 months were categorized as ''nonsmokers'' and used as the reference category for all analyses.
Ever smokers were asked to provide additional information about the age they began smoking, current smoking habits, and duration and intensity of smoking. Former smokers were defined as those who stopped smoking at least 1 year before diagnosis (for cases) or interview (for controls), because more recent smoking cessation could be related to disease onset. The cumulative lifetime exposure to cigarette smoking was computed using information on intensity and duration of smoking (pack-years = number of packs smoked per day Â number of years smoked). Continuous exposure variables, including age at initiation, years since quitting smoking, and intensity, duration, and pack-years of smoking, were categorized into quartiles a priori based on the distribution among controls.
Sex, age, race, BMI, family history of non-Hodgkin lymphoma in a first-degree relative, history of alcohol consumption, and SES were considered as potential confounding factors or effect modifiers in this pooled analysis. Continuous variables (age and BMI) were categorized a priori into quartiles based on the distribution among all control participants combined. In the five United States studies and the two Italian studies, the highest level of education attained was used as a measure of SES. In the NSW and United Kingdom studies, a deprivation indicator was computed using census data (18, 29) . For this pooled analysis, SES was grouped into three categories (low, medium, and high) in each study based on the distribution among controls. The WHO non-Hodgkin lymphoma classification system was used to classify cases by disease subtype for this pooled analysis (1, 35) . For the individual studies, cases were classified into non-Hodgkin lymphoma subtypes by study pathologists who reviewed pathology specimens and pathology reports. The Connecticut, NCI, Nebraska, NSW, and United Kingdom studies classified non-Hodgkin lymphoma subtypes according to either the WHO non-Hodgkin lymphoma classification system (1) or the Revised European American lymphoma classification system (36) . The UCSF, USC, northern Italy (Aviano), and Italy studies classified non-Hodgkin lymphoma subtypes according to the Working Formulation (37) , because the WHO system had not been developed at the time of case recruitment in those studies. Cases were not classified by nonHodgkin lymphoma subtype in the Milan study center in northern Italy (n = 118).
Because slightly different categories were used in each study to classify non-Hodgkin lymphoma subtypes, the various classification systems were combined based on codes from the International Classification of Diseases for Oncology, Second Edition (38) and Third Edition (35), previous research on non-Hodgkin lymphoma subtypes and classification systems x *Reference group is defined as participants who smoked 100 cigarettes in their lifetime or smoked for 6 months. cORs and 95% CIs were estimated using unconditional logistic regression models, adjusted for age, sex, and race. bAdjusted for study center or geographic region of data collection.
x Joint fixed-effects logistic regression model; also adjusted for study center. *ORs and 95% CIs were estimated using joint fixed-effects logistic regression models, adjusted for study center, age, sex, and race. cP for linear trend among smokers only (excludes nonsmokers).
(1, 36, 37, 39-41), and consultation with a pathologist (Dr. Fred Dee) experienced in the diagnosis of lymphomas. This pooled analysis considers risk of six B-cell non-Hodgkin lymphoma subtypes (Burkitt lymphoma/leukemia, chronic lymphocytic leukemia/small lymphocytic lymphoma, diffuse large cell lymphoma, follicular lymphoma, mantle cell lymphoma, and marginal zone lymphoma) and three T-cell non-Hodgkin lymphoma subtypes (Mycosis fungoides/Sézary syndrome, peripheral T-cell lymphoma, and other T-cell non-Hodgkin lymphoma; ref. 1). Cases who could not be classified into these groups were categorized as ''other'' and excluded from subtype-specific analyses.
Statistical Analyses. After the original data from each study were uniformly coded and checked, the distributions of demographic and potential confounding variables were compared among cases and controls within each study center and for the pooled data set. Correlates of smoking behavior among the controls were assessed. Odds ratios (OR) and 95% confidence intervals (95% CI) were derived from unconditional joint fixed-effects dichotomous and polytomous logistic regression models as estimates of the risk of non-Hodgkin lymphoma and non-Hodgkin lymphoma subtypes, respectively (42) .
Study center was controlled for in all models of the pooled data set using the 24 centers or geographic regions of data collection for the nine participating studies (Table 1 ). All models also controlled for sex, age (V45, 46-55, 56-65, z66 years), and race (White, Black, other), because these variables were used as matching variables in most of the original studies. The inclusion of BMI (<22.5, 22.5-24.9, 25.0-27.4, z27.5 kg/m 2 ), family history of non-Hodgkin lymphoma, history of alcohol consumption (beer, wine, liquor, any alcohol; ever/ never), and SES (low, medium, high) did not result in a >10% change in the overall non-Hodgkin lymphoma risk estimates for each individual study or for the overall pooled data set; therefore, final risk estimates were adjusted for study center, sex, age, and race. Individuals with missing values for smoking explanatory variables were excluded from that analysis. Variables that might modify the effect of smoking on non-Hodgkin lymphoma risk estimates were chosen a priori based on hypotheses proposed in previous epidemiologic studies of cigarette smoking and non-Hodgkin lymphoma (3, 5, 8, 10, 13, 24, 26, 29, 32) . Using the multiplicative model (43, 44) , effect modification by sex, age (V 45, 46-55, 56-65, z66 years), family history of non-Hodgkin lymphoma, and history of alcohol consumption (beer, wine, liquor, any alcohol; ever/never) was determined to have occurred if the interaction term in the logistic regression model was statistically significant at P < 0.05. Tests for linear trend among smokers were conducted by including smoking variables as continuous variables in logistic regression models that excluded nonsmokers (43, 44) . Nonsmokers were excluded from these models to evaluate a potential dose-response relationship among smokers only.
Heterogeneity in the risk estimates between study centers was assessed using a Wald v 2 test by including an interaction term in both dichotomous and polytomous logistic regression models under the null hypothesis of no difference in the risk estimates between studies (43, 44). The risk estimates were considered to be heterogeneous among study centers when NOTE: ORs and 95% CIs were estimated using joint fixed-effects logistic regression models, adjusted for study center, age, sex, and race. P for linear trend among smokers only (excludes nonsmokers).
the P of the v 2 statistic was <0.10 (45). A two-stage method for analyzing pooled data was used to compare risk estimates from fixed-effects and random-effects models to determine the impact of interstudy heterogeneity on estimates of risk (42) . First, associations between cigarette smoking and nonHodgkin lymphoma were estimated for each study center using individual unconditional logistic regression models. The USC (5) and United Kingdom (29) studies individually matched cases and controls. Because the results from these studies were similar using conditional and unconditional logistic regression, unconditional logistic regression models were used to compute study-specific risk estimates. Randomeffects risk estimates (ORs and 95% CIs) were then computed using a weighted average of the estimates from individual studies, weighting the natural logarithm of the OR from each study by the inverse of the sum of the variance of individual study estimates and an estimate of the random-effects variance (42, 45) . The random-effects variance was computed using moment estimation, which yields an unbiased, noniterative estimator (42, 45) . Sensitivity analyses were conducted to compare pooled risk estimates after systematically excluding each study to confirm that no single study unduly influenced the pooled estimates. Statistical analyses were done using the SAS System version 8.2 (SAS Institute, Inc., Cary, NC).
Results
Original data were pooled from nine case-control studies recently conducted in the United States, Europe, and Australia, resulting in a data set of 15,486 participants (6,594 cases and 8,892 controls) with information on history of cigarette smoking. The pooled study population had approximately equal numbers of men and women and was predominantly Caucasian (95%). The median age was 55 years. Controls tended to have higher SES and were more likely to drink alcohol than cases, whereas cases tended to have a higher BMI and were more likely to report family history of non-Hodgkin lymphoma in a first-degree relative than controls (data not shown). Compared with controls who did not smoke regularly, controls who were smokers were more likely to be ages >45 years, male, and of medium SES, to have a BMI of <22.5 kg/m 2 , and to consume alcohol (data not shown). The overall association between cigarette smoking and risk of non-Hodgkin lymphoma is presented by study (Table 2 ). In the pooled data set, smokers had slightly higher ORs for nonHodgkin lymphoma compared with nonsmokers (1.07; 95% CI, 1.00-1.15). The pooled risk estimates obtained using joint fixedeffects and two-stage random-effects logistic regression models were consistent (data not shown). Sensitivity analyses revealed that the pooled estimates remained stable following the systematic exclusion of each study (data not shown). Differences among study centers in the estimates of nonHodgkin lymphoma risk associated with cigarette smoking were likely due to chance (v 2 = 29.9; df = 23; P = 0.15). NonHodgkin lymphoma risk estimates modestly increased with increasing duration and pack-years of cigarette smoking (P for linear trend < 0.01 and P = 0.01, respectively; Table 3 ). Compared with nonsmokers, risk estimates were elevated for the longest duration of smoking (z36 years; OR, 1.16; 95% CI, 1.05-1.28) and the heaviest smoking (z36 pack-years; OR, 1.21; 95% CI, 1.09-1.34). We found no significant effect modification between cigarette smoking and age, sex, race, SES, BMI, family history of non-Hodgkin lymphoma, or alcohol consumption Table 5 ). Measures of cigarette smoking also were associated with modestly increased risk estimates for diffuse lymphoma, but few of the estimates reached statistical significance (Table 4) . Compared with nonsmokers, heavy smoking (z36 pack-years) was associated with a 24% increased risk estimate for diffuse lymphoma (OR, 1.24; 95% CI, 1.06-1.44). The association between cigarette smoking and diffuse lymphoma did not depend on whether individuals were current or former smokers (data not shown).
Comparing current smokers to nonsmokers, the risk estimates for follicular lymphoma were similar where the original disease classification system was the WHO (n = 557 cases; OR, 1.27; 95% CI, 1.03-1.56) or the Working Formulation (n = 403 cases; OR, 1.37; 95% CI, 1.10-1.71), whereas the risk estimates for diffuse lymphoma varied slightly by the classification system (WHO, n = 612 cases; OR, 0.92; 95% CI, 0.75-1.14; Working Formulation, n = 804 cases; OR, 1.19; 95% CI, 1.00-1.40).
Discussion
In this pooled analysis of 15,486 participants from nine casecontrol studies, cigarette smoking was associated with slightly increased risk estimates for all non-Hodgkin lymphoma subtypes combined, but the estimates varied by non-Hodgkin lymphoma subtype. The most consistent positive associations were observed for follicular lymphoma, particularly among current smokers compared with former smokers, with slight evidence of a linear trend for cumulative lifetime exposure to cigarette smoking.
Although previous epidemiologic studies have suggested that the association between cigarette smoking and nonHodgkin lymphoma may vary by subtype of the disease (3, 8-10, 14, 23-27, 29, 32) , few of those studies had sufficient power to stratify cases by non-Hodgkin lymphoma subtype. Consistent with the findings from this pooled analysis, follicular lymphoma is the only subtype with a statistically significant association reported consistently (3, 8, 23, 25, 27, 46) . However, smoking also has been associated infrequently with significantly increased risk of several other non-Hodgkin lymphoma subtypes, including low grade (10), high grade (9, 10) , and other large cell lymphomas (8) . The lack of statistically significant subtype-specific results in some studies (24, 26, 29, 32) and the inconsistency of previously published reports reflect the insufficient sample size in individual studies to consider subtype-specific findings, particularly for an exposure, such as cigarette smoking, that seems to have a weak effect on disease risk.
It is biologically plausible that cigarette smoking increases risk of non-Hodgkin lymphoma through direct carcinogenic effects, such as t (14;18) translocation. This somatic mutation joins the immunoglobulin heavy chain gene on chromosome 14 with the bcl-2 gene on chromosome 18, resulting in increased production of the bcl-2 protein that inhibits apoptosis (47) . Direct effects of carcinogenic compounds in cigarettes may increase the percentage of t(14;18) translocation in lymphoma cells, because this mutation occurs more frequently among heavy smokers (48) . A recent case-control study of non-Hodgkin lymphoma that classified cases by t(14;18) translocation status reported a nonsignificant 70% increased risk of t(14;18)-positive non-Hodgkin lymphoma, but not t(14;18)-negative non-Hodgkin lymphoma, among cigarette smokers, although the wide 95% CIs reflected the small sample size [n = 30 t(14;18)-positive non-Hodgkin lymphoma, NOTE: Reference group = nonsmokers (n = 3,914 controls, n = 612 follicular lymphoma cases). ORs and 95% CIs were estimated using joint fixed-effects logistic regression models, adjusted for study center, age, sex, and race. P for linear trend among smokers only (excludes nonsmokers). (14) , which is consistent with our finding that family history does not modify the effect of smoking on follicular lymphoma. Although no data on translocation status were available for our analysis, the findings of Schroeder et al. are particularly intriguing, because it is estimated that t(14;18) translocation occurs in f85% of follicular lymphomas and 30% of diffuse lymphomas (1, 49) . Cigarette smoke -induced immunosuppression is another mechanism by which smoking may affect risk estimates for non-Hodgkin lymphoma. Chronic exposure to cigarette smoke has been associated with decreased immune responsiveness, particularly for T cells, in both human and animal studies (50) , potentially leading to decreased immune surveillance. Cigarette smoke also may indirectly cause immunosuppression via a neuroendocrine pathway (50) . Immunosuppression is a well-established risk factor for overall non-Hodgkin lymphoma, but disease subtype-specific effects of immunosuppression are not clearly understood. Nevertheless, it is noteworthy that follicular lymphoma is not a non-Hodgkin lymphoma subtype typically associated with severe immune deficiency (1, 51) . Future research is needed to clarify the potential biological mechanism responsible for our findings.
This pooled analysis is the largest study ever published on the association between smoking and non-Hodgkin lymphoma, and the resulting sample provided us with greater power than that of individual studies to explore the relationship between smoking and non-Hodgkin lymphoma subtype. Several additional strengths and limitations of this pooled analysis should be taken into account when interpreting our findings. Information bias resulting from exposure misclassification was minimized because data were gathered using standardized, structured questionnaires. Further, self-reported smoking history is reliable and accurate based on comparisons of self-reported data with biochemical markers of tobacco exposure (52). Exposure misclassification also was possible because we were unable to obtain data for all studies on the type of tobacco smoked (blond versus black), although previous research on the importance of this distinction has been inconsistent (7, 8, 10) . Although it is possible that the cases overreported their tobacco exposure, the subtype-specific nature of our findings suggests it is unlikely that the associations we observed are due to recall bias. In addition, the hypothesized association between cigarette smoking and non-Hodgkin lymphoma risk is not well known in the general population, so reporting bias is also improbable. Our study may have been biased against finding an association for more aggressive non-Hodgkin lymphoma subtypes, if smokers with non-Hodgkin lymphoma have poorer survival than nonsmokers with non-Hodgkin lymphoma, because we excluded dead cases. However, survival bias was minimized through the use of rapid case reporting systems in most of the individual studies. The similarity of exposure measurement across studies and the use of original data allowed us to uniformly define exposures, one of the major advantages of conducting a pooled analysis with original data rather than a meta-analysis (42, 53) .
We examined the results of the eight published case-control studies that were not included in this analysis to determine whether there were systematic differences between the studies included in this pooled analysis and those excluded (7, 9, 10, 16, 22, 24, 26, 28) . A risk estimate for the association between smoking and overall non-Hodgkin lymphoma was presented in six of these publications; the ORs ranged from 0.9 to 2.4 and were not statistically significant (7, 9, 10, 16, 22, 24) . The Mantel-Haenszel estimate of the common OR from these six studies was 1.06 (95% CI, 1.01-1.05; ref. 43) . The similarity of this estimate to the pooled estimate in our analysis suggests that the selection of studies included in this pooling project did not bias our results.
We analyzed our data using both joint fixed-effects and twostage random-effects unconditional logistic regression models to evaluate the potential effects of interstudy heterogeneity on our pooled risk estimates (42) . Risk estimates from joint fixedeffects models and two-stage random-effects models have been shown to be consistent in the presence of homogeneous exposure effects between studies (42). As interstudy heterogeneity increases, the moment estimator of the random-effects variance that we used in this study has been shown to produce less biased risk estimates than other estimators of the randomeffects variance (42) . The similarity of our results using joint fixed-effects models and two-stage random-effects models suggests that differences between study populations included in this pooled analysis did not substantially affect our risk estimates.
All cases were histologically confirmed, incident cases of non-Hodgkin lymphoma. The slight differences in case ascertainment in the individual studies likely led to an underascertainment of leukemic lymphomas, including chronic lymphocytic leukemia and Burkitt leukemia. In the WHO classification system, these entities are considered equivalent to small lymphocytic lymphoma and Burkitt lymphoma, respectively (1). Because chronic lymphocytic leukemia and Burkitt leukemia were not included in the definition of nonHodgkin lymphoma before the publication of the WHO in 2001, these cases were excluded from most of the individual studies. Follicular lymphomas were also somewhat underascertained because the USC study included only intermediate-grade and high-grade non-Hodgkin lymphoma, and most follicular lymphomas are low grade. These slight differences in case ascertainment were unlikely to have affected materially our results because it is unlikely that underascertainment was related to cigarette smoking. Further, sensitivity analyses revealed that our pooled estimates remained stable following the systematic exclusion of each study.
Central review of all cases by a study pathologist was not feasible, so it is possible that some disease misclassification occurred for analyses by non-Hodgkin lymphoma subtype if classification rules differed between studies. However, diagnostic accuracy using the WHO classification system has been estimated to be >85% for both diffuse and follicular lymphomas (39) . Because WHO non-Hodgkin lymphoma subtypes are thought to be more homogenous than Working Formulation non-Hodgkin lymphoma subtypes, however, it is possible that disease misclassification occurred when we converted the non-Hodgkin lymphoma subtype data between the two classification systems. For example, f75% of cases classified as ''diffuse large cell lymphoma'' using the Working Formulation are categorized as ''diffuse large B-cell lymphoma'' using the more strict guidelines of the WHO non-Hodgkin lymphoma classification system, whereas the remaining 25% are classified as various other WHO subtypes (41) . Nevertheless, the similarity of the follicular lymphoma definition in both classification systems (1, 41) , the similarity of the estimated association between smoking and follicular lymphoma when our pooled data were stratified by nonHodgkin lymphoma classification system, and the consistency of our results with previous epidemiologic studies suggest that our non-Hodgkin lymphoma subtype-specific findings are unlikely to be explained entirely by disease misclassification.
In conclusion, the findings from this pooled analysis suggest that cigarette smoking may be a risk factor for the development of follicular lymphoma. During the period from 1978-1983 to 1990-1995, incidence of follicular lymphoma increased f22% among Whites in the United States (40) . During a similar period, incidence of all non-Hodgkin lymphoma increased by f50% throughout the world (54) , and evidence suggests that non-Hodgkin lymphoma incidence may have been increasing steadily since the 1930s (55) . In contrast, prevalence of cigarette smoking in developed countries has not increased in recent years, and in several countries, smoking prevalence has declined (56) . It thus seems unlikely that smoking contributed substantially to the long-term increase in non-Hodgkin lymphoma. Nonetheless, demonstration of a relationship between cigarette smoking and non-Hodgkin lymphoma risk adds to the considerable evidence of the health benefits of smoking prevention and cessation programs.
The current finding of an association specific to follicular lymphoma supports the possibility of etiologic heterogeneity among non-Hodgkin lymphoma subtypes. Epidemiologic investigations of other risk factors should consider disease subtypes as defined by the WHO non-Hodgkin lymphoma classification system. In addition, it may be valuable to consider alternative characterizations of non-Hodgkin lymphoma subtypes by cytogenetic abnormalities. Additional research is needed to determine the biological mechanisms responsible for the subtype-specific findings reported here.
